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Perovskite-structured oxides (ABO 3 ) have been widely studied for a long time because of their versatile dielectric, ferroelectric, ferromagnetic, and even superconducting properties. As one of most studied materials, SrTiO 3 (STO) is classified as quantum paraelectric and possesses a highly polarizable lattice at room temperature. 1 With cooling, the dielectric permittivity of STO increases monotonously and levels off without any dielectric peak, indicating that the ferroelectric transition is suppressed by the large quantum fluctuations. In addition, the dielectric property of STO is very sensitive to extrinsic factors such as defects, impurities, strains, and applied electric fields. [2] [3] [4] For example, the A-site substitution of Sr 2þ by isovalent or heterovalent ions (e.g., Ba 2þ , Pb 2þ , and Bi þ ) can induce ferroelectricity and intermediate glass-or relaxor-like states. [5] [6] [7] Besides electronic applications, STO is also regarded as an effective photocatalytic material for photoelectrochemical (PEC) water splitting. 8 So far, a myriad of semiconductor photoelectrodes, such as N-doped TiO 2 , 9 WO 3 , 10 Fe 2 O 3 , 11 and BiVO 4 , 12 have been investigated for water splitting. However, most of them have to photooxidize water in the presence of an electrical or chemical bias due to the fact that their space charge layers are not effective for separating electron-hole pairs and avoiding charge recombination. Although the intrinsic STO is an n-type semiconductor with a large band gap of 3.2 eV, it can still decompose H 2 O into H 2 and O 2 without applying an external bias potential because its conduction band level is higher than the redox potential for the H 2 evolution. 13 For instance, under the UV irradiation, NiO x -STO has been shown to photolyze water into H 2 (up to 100 mmol g À1 h
À1
) and stoichiometric O 2 .
14 Moreover, STO also has excellent thermal stability, photocorrosion resistability, and good structural stability during the water splitting process. 17 and they found that in the presence of sacrificial reagents, the Er 3þ doped STO samples with the B-site occupancy showed better PEC performance than that with the A-site occupancy in the visible-lightdriven H 2 and O 2 evolution. They suggested that such a phenomenon could be attributed to the stronger local internal field resulting from the Er 3þ ions with the B-site occupancy. In addition, unlike the isovalent ion doping, another unique feature of the RE 3þ -doped STO is the rich and different charge compensation mechanisms induced by doping. 18 In general, when RE 3þ ions are incorporated at the Sr 2þ sites, the excess positive charges can be compensated by either strontium vacancy (V Sr ), titanium vacancy (V Ti ), or simply conduction electron (e). 19 Since the charge balance is an important factor dictating the PEC properties of photocatalysts, 20 it is natural to ask whether there is a connection between the charge compensation mechanism and the PEC properties of RE 3þ -doped STO. So far, it remains an open question. Moreover, powder photocatalyst is often used in PEC applications to achieve high surface areas and to simplify synthesis, but powder photocatalyst itself is difficult to retrieve, and it is also not possible to investigate the effect of photocarrier dynamics in the powder form. 21 In contrast, PEC systems in the thin film form overcome these disadvantages, and thus they can be readily extended to industrial applications. In this study, PEC cells consisting of Ho-doped STO nanoscale films were fabricated by the sol-gel method. Focusing on the effect of Ho 3þ substitution at the Sr 2þ sites, we found that the photocurrent density of the Ho-doped STO samples is strongly dependent on the charge compensation mechanism. Contrary to the general belief, the maximum in the photocurrent density is associated with an anomalously high dielectric constant that leads to an enlarged space charge region. In addition, Pt nanoparticles were subsequently deposited onto the films, which further enhanced the photocurrent density. This study provides a new approach to enhance the PEC properties of STO and particularly demonstrates the important role of dielectric properties of such oxides in determining the PEC performance.
The ionic radius of Ho 3þ is 1.23 Å , which is close to that of Sr 2þ (1.44 Å ), but much larger than that of Ti 4þ (0.605 Å ), leading to a preferential A-site doping of Ho in STO. , where x is fixed at 2.5 mol. %. It should be noted that in A-sitedoped STO, the solubility limits for La 3þ and Y 3þ ions are 20% and 4%, respectively. 23 Since the radius of Ho 3þ ions is between those of La 3þ and Y 3þ ions, the solubility limit of Ho is expected to be in the range of 4%-20%, which is much higher than the doping level in our samples. Moreover, the sol gel synthesis method possesses advantages like simplicity in processing, easy control of stoichiometry, and high solubility of dopants. For example, the solid solubility of Mg-doped STO films prepared by sol-gel is around 30%, while a much lower solid solubility was obtained for ceramics (only <1%).
24
In our experiments, stoichiometric amounts of Ho(NO 3 ) 3 Á5H 2 O (99.5%) and Sr(CH 3 CHOO) 3 ÁH 2 O (99.5%) were dissolved in the solution of acetic acid and 2-methoxyethanol. After stirring, tetra-butyl titanate Ti(OC 4 H 9 ) 4 (99.8%) was added into the solution. The sol was then stabilized by adding acetylacetone. The solutions were spin-coated onto Pt/Ti/SiO 2 /Si(100) substrates for PEC and dielectric measurements and onto quartz substrates for optical absorption measurements. The wet films were dried at 200 C for 1 min and then heated at 400 C for 10 min in a silica tube. This coating process was repeated eight times to achieve the desired thickness. Finally, the films were annealed at 700 C for 2 h in air for crystallization. The thickness of the films is about 300 nm, which was checked by a profilometer. Pt nanoparticles were coated onto the STO films using the radio frequency (RF) sputtering technique. 25 The STO films were placed parallel to the target at a distance of 60 mm and kept at room temperature. The chamber was first pumped down to 1 Â 10 À4 Pa, and then argon gas was introduced to reach a pressure of 1.5 Pa. Before deposition, the target was presputtered in argon for 3 min, and the RF power was set at 30 W. The amount of Pt nanoparticles was controlled by the sputtering times.
The structure of the films was analyzed by an X-ray diffraction (XRD) diffractometer (Rigaku D/MAX 2000PC). The surface morphology of the films was observed using a scanning probe microscope (NT-MDT Solver P47-PRO) operating in the contact atomic force microscope (AFM) mode. The optical absorption spectra of the films were measured by a UV/ Vis/NIR spectrometer (Perkin Elmer Lambda 750). The PEC properties were measured in a conventional three-electrode cell using an electrochemical analyzer (CHI-600D). The films, a Pt foil, and an Ag/AgCl saturated calomel electrode (SCE) were used as the working, the counter, and the reference electrodes, respectively. 0.1M KOH aqueous solution was used as the electrolyte. The light source was a 300 W Xe lamp with tunable light intensity, calibrated with a Newport 1918-C photometer. For dielectric measurements, Pt dots of 0.22 mm in diameter were sputtered onto the top surface of the films through a shadow mask. The frequency-dependence of the dielectric properties was obtained using a HP4294A impedance analyzer over a frequency range of 100 Hz-2 MHz. The optical absorption spectra of the pure and the Hodoped STO films are presented in Figure 2 . All the films show the intense absorption in the UV region and a steep absorption edge at around 350 nm, which implies that the absorption cannot be ascribed to the transitions of localized impurity levels but to the band-to-band transitions in the STO host. As previously reported, the valence band (VB) maximum and the conduction band (CB) minimum of STO are composed of oxygen 2p and titanium 3d orbitals, 26 respectively. Our data indicate that the band structure of Ho-doped STO films is not affected much by the orbital of Ho 3þ . The corresponding energy band gap of the films can be estimated from the (ah) 2 -(h) plot by extrapolating the linear portion of (ah) 2 to zero (insets of Figure 2 ), where a, h, and are the absorption coefficient, the Planck constant, and the light frequency, respectively. From the analysis, the band gap energies of the pure STO, STO-V Sr , STO-e, and STO-V Ti films are 3.71, 3.78, 3.80, and 3.76 eV, respectively. Figure 3(a) shows the amperometric I-t curves of the corresponding film photoelectrodes at the zero bias measured under the modulated white light illumination. The PEC measurement is presented schematically in the inset of Figure 3(b) . For all the photoelectrodes, the rise and fall of the photocurrent corresponded well to the switched illumination conditions. The photocurrent appeared promptly after the illumination and then reached a steady state. This pattern of photocurrent was highly reproducible for numerous on/off cycles of illumination. When the illumination was interrupted, the current rapidly dropped to almost zero. Upon illumination, the photocurrent jumped back to the original steady state value within a couple of seconds. The short-circuit photocurrent density of the STO photoelectrode is 1.7 lA/cm 2 , which is comparable to that measured with STO nano-powder photoelectrode. 17 The photocurrent densities of STO-V Ti and STO-e photoelectrodes are 3.0 and 2.4 lA/cm 2 , respectively, which are 1.7 and 1.4 times higher than that of the pure STO photoelectrode. However, the photocurrent density of the STO-V Sr samples is only 1.2 lA/cm 2 , which is the lowest in all the samples. It is known that the photocurrent density can be affected by several factors, which convolute with each other. Among them, the band gap is the most important factor. Since no obvious change is found in all the STO films in the absorption results, such a factor cannot account for the observed difference in photocurrent. Other important factors are the crystallinity, particle size, and surface area. The XRD and AFM data, however, suggest no significant change after the Ho doping. So what is the main reason for the different PEC performances observed in this study?
Usually, a higher photocurrent density in a PEC cell means that the photoinduced charges transfer more effectively from the photoelectrode to the counter electrode via the external circuit. In order to investigate the charge separation process, the electrochemical impedance spectroscopy (EIS) measurements without light irradiation were performed, and the data are presented in Figure 3(b) . In the measurements, the Nyquist plot was scanned at an AC voltage of 10 mV with a frequency range of 0.01 Hz-10 MHz. In general, the complex impedance is usually presented as a sum of the real Z 0 and the imaginary Z 00 components that originate from the resistance and the capacitance of the cell, respectively. A typical Nyquist plot includes a semicircle segment lying on the Z 0 axis followed by a straight line. 27 The semicircle region, observed at higher frequencies, corresponds to the electron-transfer-limited process, whereas the linear part at the lower frequencies represents the diffusion-limited electron-transfer process. In the case of very slow electron-transfer processes, the impedance spectrum may present only a big semicircle region. Thus, the spectrum provides information on the electron-transfer kinetics and the diffusion characteristics, and the semicircle diameter corresponds to the electron-transfer resistance. In particular, a smaller radius of the arc in the EIS spectra indicates a smaller electron transfer resistance at the surface of photoelectrodes, which usually lead to a more effective separation of photogenerated electron-hole pairs and faster interfacial charge transfer. 28 As expected, the arc radius of the EIS Nyquist plot of the samples shows opposite trend as the photocurrent density, i.e., STO-V Ti < STO-e < STO < STO-V Sr . Therefore, we can conclude that the PEC properties of the STO samples are strongly affected by the photogenerated charge separation, which is related to the charge compensation mechanisms.
When a semiconductor is brought into contact with a liquid, electrons will flow between them until an equilibrium is established.
29 Figure 4 (a) illustrates the band energetics of a Figure 4(a) shows the flat band potential diagram before equilibration, and the semiconductor contains a uniform distribution of charges. After the n-type semiconductor photoelectrode is in equilibrium with the liquid, the electrode will have excess positive charges at the interface, and the liquid will have excess negative charges. The band of the semiconductor will then bend upward, and the region of band bending is referred to as the depletion layer (the left panel of Figure 4(a) ). During the band gap excitation, such a depletion layer assists in separating the photogenerated carriers as the electrons are driven into the bulk semiconductor and the holes to the liquid interface. Furthermore, the increase of the depletion layer width is desirable to suppress the recombination rate of the photogenerated carriers. 30 It has been known that the width of the depletion layer is proportional to the Debye length (L D ), which is given as follows:
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where e 0 is the permittivity of free space, e r is the dielectric constant of the semiconductor, e is the electronic charge, k is the Boltzmann's constant, T is the absolute temperature, and N D is the donor concentration. Figure 4(b) shows the Mott-Schottky plots of the pure and the Ho-doped STO films. All the samples exhibit positive slopes, demonstrating n-type semiconductor characteristic. 32 In the Mott-Schottky analysis, 33 the slope is inversely proportional to the effective donor concentration in the semiconductor. For the semiconductor-electrolyte interface, the capacitance (C cs ) of the space charge region can be described as follows:
where DU is the difference between the applied potential and the flat-band potential. Similar to the previous report, 35 the donor concentration of the pure STO film in this study is estimated to be 8.6 Â 10 18 cm
À3
. In addition, the donor concentrations are 50.8, 2.7, and 5.8 Â 10
18 cm À3 for the STO-V Sr , STO-V Ti , and STO-e films, respectively. Figure 4 (c) shows the dielectric properties of the pure and the Ho-doped STO films. It can be seen that the dielectric properties of all the films have a similar trend as compared to the results of photocurrent density. At 1 kHz, the dielectric constant for the pure STO film is about 220, 36 while the dielectric constants of the STO-V Ti and the STO-e films are higher. Again, the dielectric constant of STO-V Sr films is the lowest among all the samples. Since all the STO films show relatively low dielectric loss without significant difference, leakage of the samples should be excluded as the cause of the different dielectric properties. Instead, the enhanced dielectric constant can be explained as follows: When Ho 3þ ions are incorporated at the Sr 2þ sites in STO-V Ti or STO-e films, the excess positive charges can be compensated by the negative charges (titanium vacancies or conduction electrons). These opposite charges in the films are likely to form dipolar complexes due to the mutual electrostatic interaction, resulting in the increase of dielectric constant. 17, 37, 38 From the results of donor concentration and dielectric constant, the Debye length of the STO-V Ti , STO-e, STO, and STO-V Sr films is calculated to be 10.7, 7.7, 5.4, and 2.2 nm, respectively, as shown in Figure 4 
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Zhao et al. Appl. Phys. Lett. 102, 121905 (2013) different dielectric properties of Ho-doped STO samples. A higher dielectric constant corresponds to a thicker depletion layer, increasing the number of photogenerated charge carriers which leads to an enhancement in the photocurrent density.
To further increase the PEC properties of the STO films, Pt nanoparticles were deposited on the surfaces of the films. Figure 5(a) shows the photocurrent densities of all the films with Pt nanoparticles sputtered for 20 s. It can be seen that all the films exhibit increased photocurrent densities. This enhancement can be attributed to the formation of Schottky barriers between Pt and STO films, and the deposited Pt nanoparticles then act as electron traps aiding the electron-hole separation. 39 Figure 5(b) shows the photocurrent densities of STO-V Ti films with Pt nanoparticles sputtered for different times as compared with that of the pure STO films. The photocurrent density of the STO-V Ti /Pt composite films initially increases on increasing the Pt sputtering time. The highest photocurrent density was observed for the STO-V Ti films with a sputtering time of 20 s, which is 2.4 times as much as that of the pure STO films. However, as the Pt sputtering time further increases to 30 s, the photocurrent density of the sample decreases. This reduction is due to the aggregation of Pt nanoparticles, which reduces both the photon flux reaching the STO surface and the surface area of the STO film that is in direct contact with the aqueous solution. 40 In conclusion, Ho 3þ doped STO film photoelectrodes with different charge compensation mechanisms were prepared using the sol-gel method. Among all the photoelectrodes, the STO-V Ti sample exhibited the highest photocurrent density, which is 1.7 times higher than that of the pure STO sample. Such an improvement in performance can be attributed to the enlarged space charge region that is related to the enhanced dielectric constant of the doped STO films. Moreover, decorating Pt nanoparticles on the film surfaces could further increase the photocurrent density, which may be beneficial for the future application of such defectengineered composites as photoelectrodes. 
